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We consider three-level atoms driven by two resonant light fields in a ladder scheme where the upper
level is a highly excited Rydberg state. We show that the dipole-dipole interactions between Rydberg
excited atoms prevents the formation of single particle dark states and leads to strongly correlated photon
pairs from atoms separated by distances large compared to the emission wavelength. For a pair of atoms,
this enables realization of an efficient photon-pair source with on average one pair every 30 s.
DOI: 10.1103/PhysRevLett.108.043601 PACS numbers: 42.50.Ar, 03.65.Yz, 32.80.Rm, 42.50.Gy
The cooperative emission of light, as in superradiance
[1,2], offers an interesting paradigm for photon entangle-
ment and nonclassical light generation. Cooperative effects
for few particle systems have been observed for both
trapped ions [3] and molecules [4], and also quantum
dots [5]. For cooperative effects to dominate, the emitters
should not be resolved by the radiation field so that inter-
ference effects can occur, or the resonant dipole-dipole
interaction should be large enough to form correlated
atomic states, i.e., it should typically exceed the natural
linewidth of the transition. In practice, this imposes strin-
gent demands on the spatial distributions of emitters, and
for the dipole interaction to be effective, the emitters
should be separated by much less than the optical wave-
length [6,7]. This constraint can be relaxed using a cavity
to couple the atoms to a single-photon field, enabling
observation of collective emission [8] and cooling [9].
In this Letter we show that coupling the dipoles associ-
ated with transitions between highly excited Rydberg
states to an optical atomic transition leads to cooperative
emission with considerably less stringent demands on the
spatial confinement of the emitters. The optical and long
wavelength dipoles become coupled by electromagneti-
cally induced transparency (EIT) [10] involving highly
excited Rydberg states [11]. The effect of the strong
dipole-dipole interactions between Rydberg states is to
modify the EIT dark state such that only a single atom
within the Rydberg interaction range can contribute to the
EIT [12], while the remaining atoms scatter light like
resonant two-level systems. This effect is a manifestation
of the dipole blockade mechanism where the dipole in-
duced level shifts prevent multiple Rydberg excitation [13]
within a volume 4
3R
3
b, where the blockade radius Rb is
typically of the order of a few microns. This blockade
effect leads directly to entangled atomic superposition
states that may be exploited for applications in quantum
information processing [14]. In addition, the blockade
mechanism may be used to modify light transmission
[12,15,16] giving rise to nonclassical states of light [17]
and strong photon-photon interactions [18–20]. Blockaded
superpositions can also be mapped into exotic states of
light [21–23]. While it is widely recognized that Rydberg
blockade can be used to generate single photons [24,25],
here we show that by exploiting dark states one can use
Rydberg blockade to produce correlated photon pairs at a
rate orders of magnitude above current state of the art [26].
Photon pairs are required for many quantum information
proposals such as linear optical quantum computation [27],
entanglement swapping [28] or teleportation [29], and
realization of an efficient high-flux pair source of photons
resonant with atomic transitions could also have an impact
on quantum memories [30] and repeaters [31].
For a few-atom system localized within a single block-
ade volume, shown schematically in Fig. 1(a), we show
that dipole blockade leads directly to strongly correlated
photon-emission for atoms separated by several microns
FIG. 1 (color online). (a) Schematic of a few-atom system
confined within a sphere radius R< Rb. The dipole blockade
modifies the EIT dark state created by the probe and coupling
lasers, leading to strongly correlated photon-pair emission that
can be efficiently collected and measured using detectors D1 and
D2. (b) Level-scheme for two-atoms with a dipole-dipole cou-
pling VðRÞ between the Rydberg states, where R is the inter-
atomic separation.
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which can be efficiently collected using high numerical
aperture lenses. This parameter regime is compatible with
the current experimental setups used to demonstrate en-
tanglement [32] and quantum gates [33] using blockade for
a pair of atoms, where the atoms are loaded into collision-
ally blockaded single-atom dipole traps [34] separated
by 5 m.
Consider an ensemble of three-level atoms composed of
a ground state jgi, excited state jei and Rydberg state jri,
shown schematically in Fig. 1(b). The atoms are coupled
by counterpropagating probe and coupling fields aligned
parallel to the z axis with wave vectors of kp ¼ kz^ and
kc ¼ k0z^, respectively. The weak-probe beam resonantly
drives the transition from jgi ! jei with Rabi frequency
p, while the strong coupling laser with Rabi frequency
c is resonant with the transition from jei ! jri.
The Hamiltonian for the system is given by H ¼
H al þH dd, where H al ¼ @PNi ½p^iegeikpri þ
c^
i
ree
ikcri þ H:c: accounts for the atom-light coupling
and H dd ¼ @PNi<j ^irrVðjri  rjjÞ^irr represents the
dipole-dipole coupling between atoms i and j at positions
ri and rj respectively, where ^
i
mn is the outer product
operator jmihnj of atom i. In the limit of long-range
van der Waals interactions between the Rydberg states,
VðRÞ ¼ C6=R6, resulting in blockade radius of Rb ¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
C6=c
6
p
[12]. When the atoms are separated by R> Rb,
the atoms behave independently and the system evolves
into the EIT dark state superposition of jgi and jri resulting
in perfect probe transmission as there is no loss from the
short-lived state jei. For atoms localized within Rb how-
ever, the blockade modifies the dark state resulting in a
cooperative optical nonlinearity [12] as only a single atom
can contribute to the EIT dark state, with the remaining
atoms resonantly coupling to the probe laser and scattering
photons out of the beam. Within the blockade radius, the
dynamics are no longer sensitive to the magnitude of the
dipole-dipole interaction between the atoms as the multi-
ply excited Rydberg states are never populated. This makes
the blockade condition robust with respect to relative
atomic motion.
The interplay between EIT and Rydberg blockade is
expected to cause interesting effects in the excitation dy-
namics, and the purpose of this Letter is to identify its
observable experimental signature in the light emitted
from the atoms. In particular, we will show how the tran-
sient dynamics in and out of dark-states can be unambigu-
ously identified by the bunching and antibunching features
in photon counting signals under steady-state driving con-
ditions. To evaluate our theoretical prediction for the
photon-photon correlations in the scattered field from the
atomic system we consider the normalized second-order
correlation function gð2ÞðÞ of the probe electric field. The
positive-frequency component of the probe electric field
operator at position r is given by the source-field expression
E^ðþÞðr; tÞ ¼ E^ðþÞf ðr; tÞ þ E^ðþÞsc ðr; tÞ [35], where E^ðþÞf ðr; tÞ is
the incident probe field and E^ðþÞsc ðr; tÞ is the radiation field
of the atomic dipole. For an ensemble ofN atoms located
at positions ri, the source-field term in the far field
(kjr rij  1 for all i) is given by [6]
E^
ðþÞ
sc ðr; tÞ¼k
2ðdeg r^Þ r^
4"0r
XN
i
eikr^ri ^i ðt r=cÞ; (1)
where deg is the dipole moment and ^

i ¼ jgihej is the
lowering operator for the atomic dipole of the ith atom. If
we only consider detector positions off-axis with respect to
the probe laser, the incident field E^ðþÞf ðr; tÞ vanishes, and the
electric field reduces to the sum (1) over the dipole operators
for the system. Absorbing the geometric factors into the
function fðrÞ, the scattered electric field is E^ðÞðr; tÞ ¼
fðrÞ^ðr; t r=cÞ, where ^ are the combined raising
and lowering operators for the ensemble,
^ðr; tÞ ¼
XN
i
eikr^ri^i ðtÞ: (2)
For a pair of detectors D1 and D2 shown in Fig. 1(a) at
positions rA and rB, the second-order mutual correlation
reduces to
gð2ÞðÞ
¼ h^
þðrA; tÞ^þðrB; tþ Þ^ðrB; tþ Þ^ðrA; tÞi
h^þðrA; tÞ^ðrA; tÞih^þðrB; tþ Þ^ðrB; tþ Þi
;
(3)
where h. . .i denotes a trace over the density matrix for the
atomic system. The unnormalized correlation function,
Gð2Þðt; tþ Þ, in the numerator of Eq. (3) can be evaluated
using the quantum regression theorem as
Gð2Þðt; tþ Þ ¼ Trf^ðrBÞcondðt; tþ Þ^þðrBÞg; (4)
where condðt; tÞ ¼ ^ðrAÞðtÞ^þðrAÞ is the conditional
density matrix for the system following the detection of a
photon on detector D1 at time t and application of the
corresponding quantum jump to the atomic state [36].
The subsequent time evolution of the conditional density
matrix condðt; tþ Þ with respect to  is calculated using
the same master equation as for the normal density matrix,
_ ¼ i=@½;H  þLðÞ, where LðÞ is the Lindblad op-
erator [37] accounting for spontaneous emission from state
jei at rate e
L ðÞ ¼X
N
i
 1
2
ðCiye Cieþ Ciye CieÞ þ CieCiye ; (5)
with Cie ¼
ﬃﬃﬃﬃﬃ
e
p
^ige. Note that we assume relatively small
solid angles for the detectors, and the master equation
treats the unobserved spontaneous emission as individual
atom events due to the large atomic separation. Because of
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the relatively long lifetime of the Rydberg state, the spon-
taneous emission and other losses from jri can be ne-
glected. For the case of CW probe and coupling lasers,
ðtÞ is equivalent to the steady-state of the system, leading
to gð2ÞðÞ ¼ 1 at long times as the conditional density
matrix evolves back to the steady state of the system.
If the atoms move by just few metres per second, the
relative phase factors in the lowering operators (2) will
change on the time scale of the atomic dynamics, and the
cross-phase terms in the observed intensity signals will
vanish as if the atoms emit photons incoherently. In this
case, the operators representing the detection at each
detector are well approximated by an operator sum
over individual atomic contributions: ^^þ !
PN
i ^

i ^
þ
i . We calculate intensity correlation functions
for this situation, and first consider the familiar example of
noninteracting two-level atoms. The correlation function
for a weak-probe intensity of p ¼ e=5 and c ¼ 0 for
N ¼ 1 to 3 atoms is plotted in Fig. 2(a). This clearly
illustrates antibunching (gð2Þð0Þ< 1) in the resonance fluo-
rescence of a two-level atom [38,39] due to the finite
excitation time  1=p preventing a single atom from
emitting one photon immediately after another. For more
than one atom, the possibility that different atoms emit
simultaneously reduces the visibility of the antibunching,
and for large atom numbers prevents the observation of the
single-photon character of the scattered light.
The addition of a strong coupling laser withc ¼ e to
a strongly blockaded ensemble with an isotropic dipole-
dipole interaction Vðjri  rjjÞ ¼ 2e dramatically modi-
fies the correlation function, shown in Fig. 2(b). For a
single atom the curve is initially antibunched with
gð2Þð0Þ ¼ 0; however this increases to give gð2ÞðÞ  1 at
 1=p, resulting in very strong bunching at short times.
The interpretation of this behavior is that for a single atom
the interactions play no role and the steady-state for the
system is the EIT dark state. If a photon is detected at
 ¼ 0, this causes a projection of the atom into the ground
state with a finite component orthogonal to the dark state.
The norm of this component yields the probability for a
second photon to be emitted during the subsequent evolu-
tion of the atom back into the dark state. Note, however that
the photon bunching resulting from this transient atomic
dynamics is, in practice, difficult to observe as the proba-
bility to emit the first photon is very small due to the EIT
condition.
Adding more atoms to the system in the noninteracting
limit results in similar correlation functions as theN ¼ 1
curve due to the independent nature of the emitters. In
contrast, for a blockaded ensemble, the behavior for
N > 1 reveals a transition from antibunching to strong
bunching at  ¼ 0, with photons most likely to arrive
simultaneously at the two detectors. This bunching can
be understood from the analytic EIT dark state for the
interacting two-atom system in [40], that has a jeei com-
ponent mixed into the wave function in place of the block-
aded jrri state. This component decays by the emission of
two photons within a few spontaneous lifetimes. This
appears as bunching in the correlation function as shown
in Fig. 2(c). In (d) the correlations for p ¼ e is plotted,
showing that for a strong probe field the blockade condi-
tion is violated and the light becomes antibunched at short
times, similar to the correlations for the 2- and 3-atom
signals for independent two-level atoms, Fig. 2(a).
Because of the long-range interaction of the Rydberg
dipole, typically the blockade radius Rb  5 m, spatially
resolved emission is possible from a few-atom system. In
the limit of distinguishable emission where detector D1
only collects photons from atom i, and detector D2 from
atom j, it is possible to consider the self- and cross-
correlations between atoms i and j defined by
gð2Þij ðÞ ¼
h^þi ðtÞ^þj ðtþ Þ^j ðtþ Þ^i ðtÞi
h^þi ðtÞ^i ðtÞih^þj ðtþ Þ^j ðtþ Þi
; (6)
which provide an insight into whether the emission from
one atom is dependant upon the emission of a neighboring
atom.
Figure 3 shows the results for the case of a pair of atoms,
calculated for the same parameters as above. For the probe-
only system in (a), the self-correlation g11ðÞ is equal to the
single-atom correlation function in Fig. 2(a) and the cross-
correlation gð2Þ21 ðÞ is equal to unity for all times, showing
the two atoms behave independently as expected. For the
interacting EIT system however, the self- and cross-
correlations show different behavior. In the weak-probe
limit (b), the bunching observed in the full correlation
function arises due to the cross-correlations between the
atoms, verifying the interpretation of the photons coming
within a time 1=e of each other from the population of
jeei as discussed above. This also demonstrates that
FIG. 2 (color online). N -atom fluorescence correlations.
(a) Independent two-level atoms for p ¼ e=5 displaying
antibunching. (b)–(d) interacting EIT system with c ¼ e,
VðrijÞ ¼ 2e and p ¼ e=5, e=2, and e respectively.
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Rydberg EIT leads to a cooperative effect at the single-
photon level, with the dipole emission of each atom
strongly dependent upon that of its neighbor. As the probe
power increases, the self-correlation in (c) and (d) is ap-
proximately constant while the cross-correlation switches
from being bunched to antibunched, showing the transition
from a blockaded system with cooperative emission (c) to a
weakly blockaded system with suppressed emission such
that one atom is less-likely to emit a photon if the other
atom has emitted one already (d). These results show that it
is possible to demonstrate the strong Rydberg interactions
by the highly correlated fluorescence emission from a pair
or a small number of atoms.
Finally, we consider the case of coherent emission for
two geometries. Figure 4 shows the correlations from a
pair of atoms at rest with variable interatomic separation
R< Rb using the position dependent phases in the dipole
operator ^ of Eq. (2) with detectors placed orthogonal to
the probe laser, using p ¼ e=2, c ¼ e and Vðr21Þ ¼
2e. For atoms aligned parallel to the probe beam, the
correlation function is bunched independent of the inter-
atomic separation. However, emission from atoms aligned
parallel to the direction towards the detectors, Fig. 4(b),
shows a transition from bunching to antibunching at R ¼
mþ =4, 3=4, due to the density matrix conditioned by
the first detection event showing destructive interference
between the atomic source fields in the direction of the
second detector. It is well known that the first detection
events ‘‘lock’’ the relative phases and hence determine the
direction of superradiant emission from a symmetric en-
semble of atoms [2].
Figure 4(a) thus shows that this scheme can be used to
realize a practical and efficient pair source, with the photon
pairs emitted at a rate comparable to the atomic state
lifetime. To demonstrate this, we consider the explicit
case of using the Rb atoms with  ¼ 780 nm  27 ns
coupled to the 60S1=2 with Rb  6 m for c ¼ e [12].
The probability of emitting a photon pair is given by the
steady-state population of jeei equal to 8 103, resulting
in one pair every 2 s. This is collected using the high
numerical aperture lenses required to create the single-
atom dipole traps as the collection optics, for NA ¼ 0:5
and assuming emission of þ light on the closed transition
each lens collects 12.5% of light emitted, resulting in a
collection efficiency of 6% for pairs emitted with uncorre-
lated momenta, and hence approximately one pair every
30 s, 2 orders of magnitude faster than previously dem-
onstrated using DLCZ [26]. This scheme is robust with
respect to atomic motion providing the relative transverse
displacement changes by only a small fraction of  over the
100 ns time scale associated with the bunching, corre-
sponding to temperatures less than1 mK that are readily
achievable in the dipole trap.
In summary, in this Letter we have demonstrated how
the dipole blockade mechanism leads to the generation of
highly correlated photon emission from multiatom
Rydberg dark states. Because of the large length scales
associated with the blockade radius, this reduces the ex-
perimental requirements for observing cooperative emis-
sion from atoms separated by greater than an optical
wavelength. This effect can be used to realize practical
sources of identical photon-pairs with a wide range of
applications in quantum information. The second-order
correlation function provides additional information about
the atomic state and, as the present work illustrates, the
understanding of temporal conditioned dynamics of the
atoms can be confirmed by measurement of the light
statistics, offering an additional probe of strongly interact-
ing Rydberg ensembles.
Since submission we become aware of a recent preprint
on dephasing in Rydberg dark-states using an additional
microwave coupling of the Rydberg state [41] that offers a
FIG. 3 (color online). Self- and cross-correlations in emsission
from two distinguishable atoms. (a) p ¼ e=5. Two-level
atoms have an independent cross-correlation as the atoms are
noninteracting. (b)–(d) Interacting EIT system with c ¼ e,
VðrijÞ ¼ 2e and p ¼ e=5, e=2, and e respectively. This
shows the bunching arises from the strong cross-correlation
between the atoms, which are correlated by the dipole blockade.
FIG. 4 (color online). Correlation function for coherent emis-
sion for different separations R, where m is an integer. (a) Atoms
aligned parallel to the probe beam are bunched for all separa-
tions. (b) The perpendicular configuration shows antibunching
due to destructive interference for R ¼ mþ =4, 3=4.
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complimentary approach to generating photon pairs at a
comparable rate.
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